SUMMARY
Two LMFBR type fuel pins containing (PU,.~~ Uo.75)02 pellet fuel (838, B3C) were irradiated in the GETR pool in separate natural circulation capsules. The NaK-cooled pins were irradiated at heat ratings of 22 and 20 kW1ft with calculated peak cladding inside surface temperatures of 1350' F and 1450" F, respectively (current LMFBR designs specify <1250°F maximum cladding ID temperature). Both pins failed at < 18,000 MWdIT burnup.
One was removed without an appreciable increase in burnup while the other continued i t s irradiation a t reduced power (18 kWIft) and cladding inside surface temperature (1250"~) to an exposure of --53,000 MwdIT (peak) before removal.
Post-irradiation examination and analysis of the operaring tiistol-y of the experimontc indicated the cause of failure in both specimens to be severe cladding degradation .
resulting from fuel cladding interactions a t the high operating temperatures.
In one of the specimens (B3B), the complete depressurization of the fuel pin due to 1.0s of gas from the pin after failure was observed to require about four hours. This indicates restricted gas flow between the gas plenum and the clad rupture zone some 14 inches below.
Diametral expansion occurred in both specimens, reaching a maximum of 34% in the ruptured zone of the initially hotter specimen that was operated for several months after failure ( 6 3~) .
Diarnetral expansion of 20% was observed in the ruptured zone of the cooler specimen that was removed shortly after failure (B3B).
Fission gas release was found to be 64% in 838 and 63% in B3C. The results are similar to release rates in unfailed fuel.
NaK coolant system contamination from released fuel and fission products was significantly greater in the specimen that continued to operate with failed fuel compared to the specimen shut down soon after failure.
CONCLUSIQMS AND OBSEFaVATlOMS

1.
Four hours were required for the fission gas pressure measured in the plenum of failed fuel pin B3B to drop from 76 psig to 25 psig (ambient). This long depressurization time was probably caused by closing of the fuel cladding gap during unfailed operation and suggests that the loss of pressure from failed LMFBR fuel may be correspondingly slow. 4. Fission gas release in failed pins did not differ significantly from that in unfailed gas bonded pins with comparable heat ratings for burnups up to 50,000 MWdITe.
2.
5.
Further experimentation under closely controlled conditions is required to enable the prediction of failed fuel element behavior and performance in reactor cores. ; , . .
INTRODUCTION
Knowledge of the magnitude and rate of distortion of report describes the results of an experiment in which two failed LMFBR fuel pins and the amount of fuel and fission mixed oxide fuel rods were unintentionally failed while products released from these failed elements during normal operating at abnormally high temperatures. One fuel pin power operation is necessary to determine the overall availwas allowed to run in flowing NaK for four months after ability and performance of an LMFBR power plant. This failure, while the other pin was removed soon after failure.
EXPERIMENT DESCRIPTION
The experiment consisted of two mixed oxide fuel pins (designated B3B and B3C) with active fuel lengths of 23 and 20 inches respectively with each pin enclosed in a natural convection capsule with approximately 700 cc of circulating NaK coolant. Goal exposure was 100,000 MWd/Te for each specimen. Irradiation was conducted in the GETR pool at peak power levels of 22 and 20 kW/ft respectively. Fuel pin and capsule design details are given in Appendices A and B. The capsule design has also been discussed in detail previously.1
The two specimens, B3B and B3C, were designed and operated to have centerline temperatures at the fuel blanket interface of 9 5 0 "~ (1750" F) and 1 9 2 5 '~ (3500°F) respectively. These temperatures were chosen to simulate peripheral and central pins in a typical 1000 MWe LMFBR.' Both fuel pins were fitted with continuous in-pile pressure sensors. The capsules were irradiated in V-RAFTS* capable of vertical and radial adjustment in the test reactor to permit accurate control of specimen power.3
Examination of the fuel specimens and capsules were conducted at the Radioactive Materials Laboratory at the General Electric Vallecitos Nuclear Center near Pleasanton, California.
IRRADIATION HISTORY
Both capsules Sperated routinely a t rated power (22 and 20 kW/ft) during the first month of irradiation. During this time, critical capsule parameters such as temperatures and fission gas pressure in the fuel pin were continuously monitored and recorded. Figure 5 -1 shows the fission gas pressure buildup in the fuel pin plenum of B3B in this period of time. Also shown in Figure 5 -1 is the plot of the cladding temperature monitor thermocouple which was used to calculate fuel heat rating. The pressure sensor in B3C failed shortly after reactor insertion and did not function throughout the test.
A t the beginning of the second month of irradiation, the erratic behavior of one of the thermocouples monitoring the peak cladding temperatur;e in B3C forced operators to reduce the heat generation of the specimen for a few minutes. The power was subsequently brought back up to --18kWlft with a peak cladding i.d. temperature of --1250" F. No further erratic thermocouple behavior was noted and this mode of operation was maintained throughout the remainder of the irradiation of B3C. It was not considered conclusive at the time, but the erratic thermocouple behavior probably signalled the failure of the B3C pin.
. An estimated 10 to 25% overpower occurred in both fuel specimens during the reactor startup at the beginning of the third month of the scheduled irradiation. At that time, a decrease in the gas pressbre within the B3B pin was observed ( Figure 5 -2). Several small temperature transients were detected by one of the thermocouples adjacent to the cladding in B3B at about the same time .as the gas pressl.ire began to decay. The capsule position was adjusted in small steps during a four-hour period to lower the fission power and avoid overheating the cladding. Twenty hours after the initial decrease in the fission gas pressure was observed, the VRAFT was adjusted to place the test specimen in a minimum power position (less than 5 kW/ft and 3 0 0 "~ cladding temperature) where it stayed for four weeks until removal from the test reactor.
During the fourth month of irradiation, a gradually rising temperature pattern in the B3C cold trap became evident, indicating an accumulation of fuel in that region due to failure of the fuel pin. The plot of the rising temperature pattern in the B3C cold trap is shown in Figure 5 
POST-IRRADIA
The twocapsules were examined at the General Electric Radioactive Materials Laboratory (RML) located near Pleasanton, California. .
NEUTRON RADIOGRAPHY
The neutron radiograph of the B3C fuel pin, part of which i s shown in Figure 6 -1, clearly shows the areas in the pin from which fuel was lost. These correspond to the regions of greatest diametral deformation. The fuel central void can also be seen in Figure 6 -1. Some fuel pellet interfaces were 'visible near the ends of the fuel column (not shown in Figure 6 -1) indicating lower power operation. Neutron radiography was not available at the time of the B3B examination.
GAMMA SCANS
Gross gamma scans of the two capsules were made prior to destructive examination (Figure 6 -2). The gamma 'scan of B3B indicated that some fuel had escaped from the pin and was deposited on a ledge in the capsule below the bottom end of the fuel pin. The scan of B3C showed a larger degree of axial fuel redistribution. Large activity peaks observed along the B3C fuel column were due to ruthenium, zirconium, and lanthanum and corresponded to metallic fission product ingots in the fuel itself. Large activity peaks seen at points below the bottom end of the fuel pin were due t o fuel accumulated on the turning vanes and in the cold trap on the capsule.
PHYSICAL EXAMINATION
The appearance of the two fuel pins after removal from the capsules is shown in Figure 6 -3. B3B exhibited at least seventeen small unconnected ruptures of the cladding in a zone which extended from 9-1/2 to 17-1/2 inches from the bottom end of the pin. B3C had one large continuous rupture which started at a point 11-112 inches above the bottom of the pin and continued upward for approximately 5 inches. Significant loss'of fuel from B3C was confirmed by visual examination.
Post-irradiation diametral measurements were made on both specimens and are shown in Figure 6 -4. The preirradiation diameters were 0.250 inch for both rods. The measurements in the failed regions indicate maximum cross-
.TION EXAMINATION
sectional dimensions at each elevation including the edges of the ruptured cladding.
FUEL PIN METALLOGRAPHY
Center Melting of Fuel Figures 6-5 and 6-6 show the sectioning diagrams for both fuel specimens. Center melting was noted in both specimens. Massive grain growth characteristic of ceramics resolidified from the melt are readily visible in Figure 6 -7. Heavy etching of the fuel by the NaK made it impossible to determine the exact extent of fuel melting because porosity changes in the fuel structure were obliterated.
Fuel-Sodium Reaction Product
The two specimens differed significantly in the appearance of the fuel at the fuel cladding interface. In B3B, there was an extensive fuel-sodium reaction phase in all regions of the pin except in the small area where the largest diametral expansion occurred. In contrast, there was virtually no reaction phase present in B3C except in the low power regions at the ends of the fuel.
Clad Ruptures
In B3B, the cracks in the clad, both incipient and complete, were longitudinal and frequently observed to occur in parallel; that is, more than one crack at a given axial point. Examples of these parallel cracks are shown in Figure 6 -8. Clad necking was associated with all of the cracks examined metallographically.
Clad Corrosion
Severe attack of the inside surface of the cladding was observed in both specimens. This attack appeared to have a strong temperature dependence as shown in Figure 6 -9. In this figure, views of cladding damage at various axial positions along the B3C pin are shown. The same general pattern of temperature dependent cladding attack was exhibited by B3B. Figure 6 -10 shows a large metallic ingot which was observed at the fuel cladding interface in B3B.
Etching the ingot with 10% oxalic acid is seen to have caused a large effect, indicating a different composition than the cladding. \ In both specimens, the metallic ingots and localized clad corrosion appeared to occur opposite radial cracks in the fuel as shown in Figuies 6-6, 6-8 and 6-10.
Metallic Ingot
A large metallic ingot was found attached to an edge of the ruptured cladding of the B3C pin. Figure 6 -1 1 shows the dendritic structure of the ingot after etching with 10% oxalic acid. The interface between the ingot and the adjoining cladding was examined closely for signs of a discontinuity. Also in Figure 6 -1 1, it can be seen that the oxalic etch revealed a rather steep compositional gradient in this region where the ingot materi~ll was more sensitive to the etch than the cladding material.
The beta-gamma autorad'iograph of the ingot indicated that it was of a compqsitio6 other than that of the cladding. Figure 6 -12 shows the higher b e t a w m a activity of the ingot and also the .reactivity of a smaller mgot located at the center of athe fuel.
ELECTRON MICROPROBE EXAMINATION
The transverse section of B3C shown in Figure 6 -12 was repolished and examined with an electron microprobe. Three areas were investigated: 1.
The large metallic ingot attached to the cladding and the smaller metallic ingot in the fuel center were analyzed to determine the elements present. Full spectrometer scans were run at points "A", "B", and "C" in Figure 6-1,3 . The fission praduct alarngnts Mo, Te, Ru, Rh, and Pd were found to be present at all three locations in the same proportions. None of the major cladding constituents, Fe, Ni, or Cr, were detected at these three points.
2.
The finger like extrusion extending from the inside surface of the dadding (point "DM in Figure 6-13) was also analyzed. Figure 6 -14 notes a 250x photomicrograph of the extrusion. This micrograph shows that the extrusion is separated into two distinct regions. The first region is that area attadred td.the cladding, while thesecbnd region is separated from toe first and elongated towardsthe center ofthe fuel @let.
Full spectrornetei ;cans wcm abtained'in both regions and taken of the major oanstituenb. ThW? i d a t t e that the extrusion contained primarily cladding constituents. The first region of the extrusion contained the iron, nickel, and chromium in similar proportions to the cladding, itself. The second region, however, mntilinrwl primarily iron with dseletion of chromium and nickel. Figure 6 -15 shows the distribution of iron, nickel, and chromium in the extrusion, and it is clearly seen that iron was present in high concentration in both regions. The chromium was evenly distributed in the first region and depleted in the second. The nickel concentration decreased as it approached the tip of the first region and was depleted in the second.
3.
The cladding attack adjacent to the fuel matrix was also analyzed to determine which, if any, impurity elements were present. Full spectrometer scans were obtained at three points across the cladding thickness (pt. "Dm, Figure 6 -13). These scans were run in order that the cladding could be standardized as to its elemental constituents, and the material at this point was found to contain major amounts of iron, nickel, and chromium, and minor amoum of manganese, molybdenum, niobium, silicon, and sulfur.
, A fourth spectrometer scan was obtained (pt. "0". sans. This region contained the aove elements plus . ura'nium, plutonium, ruhenium, and zirconium, and slightiy more mot&denum than the un~itted dad region. :
Attempts were made to locate cesium along the cladding , grain boundaries and in the heavily pitted region, but no cesium was found.
f ISSlON (3AS ANALYSES
The mixture of fission gases and helium in B X was collected and analyzed. The results of the analysis are summarized in Table 6 -1.. The trace amounts of nitrogen and argon are probably due to contamination from leaks during sampling. The helium was present as coverXgas both within the pin and abwe the NaK a t the beginning of irradiation.
COOLANT SYSTEM ANALYSES
Samples of the coolant from each capsule were obtained and analyzed by radiochemical techniques. The results are summarized in Table 6 -2. Samples CNA and BNA were 'obtained .from the circulating NaK in B3C w d B3B, yespectiveiy. Sample BNB was taken from the cold trap of 838. The samples taken from 836 were .anelyzd fqr cesium only, , i n addition, the 838 cold trap and two pieces of internal hardware &om 8 3~ were leached and the leach solutions analyzed for fission products and heavy metals. Table 6 -3 shows the results of the leach sample analyses. Sample CLA was taken from the bottom end of the chimney and sample CLB was obtained from the upper end of the NaK reservoir. Locations of all NaK and hardware leach samples are shown in Figure 6 -16. 
Methane Not Detected
Total Volume of Gas Sample = 239 cc (STP) 
DISCUSSION OF RESULTS
FISSION GAS PRESSURE DROP-OFF FROM FAILED PINS
The fuel pin pressure data shown in Figure 5 -2 are unique in that this is the first time information concerning the rate of release of fission gas from a failed LMFBR-type fuel rod has been obtained. The volume of gas in the 838 pin at the time of rupture is calculated to have been --33 cc (STP). The equilibrium volume of gas in the pin after failure is calculated to have been -19 cc (STP). Thus, the indicated loss of gas during the 4-hour period of fuel pin pressure loss is --14 cc (STP). The maximum gas release rate appears to have occurred during a 45-minute period immediately following the cladding rupture, and i s estimated to have been at a rate of -0.22 cclmin., or 3.8 X 1 o -~ CC/S~C.
The apparent cause for the low gas flow rate is restriction of the passage between the plenum and the point of the cladding rupture. On this basis the "as fabricated" fuel cladding gap of 0.0028 inch must have been effectively closed by the swelling of the fuel to an equivalent gap of 1.4 X lo-' inch (assuming laminar flow, uniform swelling of the six inch fuel column between the rupture and the plenum, and no flow interference from the nine inch blanket). The presence of liquid metal in the pin may also have inhibited the flow of gas since the surface tension of NaK is large and would be significant in smail orifices. After penetration of the NaK, the fuel-NaK reaction phase would also tend to fill the available space in the fuel cladding gap, further restricting gas flow.
CLADDING CORROSION
The observed corrosion on the i.d. surfaces of the cladding in the 838 and B3C fuel pins is greater than that observed in out-of-pile tests4 at comparable times and temperatures.
The depth of cladding attack observed in B3C is shown in Figure 7 -1 plotted as a function of the maximum cladding temperature. Attack is evident at all points on the inside cladding surface of both specimens which operated in excess of 1 1 OoO F.
The location of most of the metallic "fingers" adjacent to radial cracks in the fuel in both specimens suggests that these cracks do not completely disappear during operation. It appears that the outer-most ends of the cracks, which lie outside the sintering temperature isotherm, remain open at all times. Such perpetually open cracks may create avenues for fission product migration to the inside surface of the cladding of gas bonded fuel pins. These areas appear to be sites for accelThe cladding attack evident in 838 and B3C is not an isolated case but has been observed in many other failed and unfailed mixed oxide specimens. Zebroski, e t al., were the first to observe the phenomenon during the examination of E~B ' , which was irradiated to 70,000 MWdITe in the GETR w i t h a peak power generation rate of --18 kW1ft.
E5B-1 and -2, two mixedaxide specimens successfully irradiated to over 100,000 MWd/t average burnup in thermal flux, had cladding temperature comparable to those of 838 and B~c .~ These specimens also displayed cladding attack to depths of -0.005 inch at the fuel cladding interface with large fingers of metallic material extending into the fuel from the cladding.
Another unfail.ed mixed oxide specimen, F2T, was irradiated to 74,000 MWdIT in EBR-I1 with peak cladding temperatures to about 3 0 0~~ lower than those of B3B7. Metallic stringers were also found in this specimen adjacent to the cladding. However, the heavy cladding attack observed in B3B, and B3C was not observed. Another unfailed, vented mixed oxide specimen, B4D, was irradiated w i t h peak fuel cladding interface temperatures of 1150 to 1 1 7 5 '~ to -45,000 MWdIT peak burnup in the GETR with results similar to those of F~T ? Table 7 -1 summarizes the mixed oxide specimens irradiated under this program* which have exhibited metallic fingers at the fuel cladding interface.
Details concerning E5B and F2T are given in Reference 9.
FUEL PIN DIMENSIONAL CHANGES Kinetics
The large ingot of metallic fission product.alloy discussed in Sections 6.3 and 6.4 was similar in appearance and composition to those seen many times in the center of mixed oxide fuel pins that operated under conditions of center melting. On this basis it is reasonable to assume that, prior to failure, this ingot was in the center of the B3C fuel.
Since the ingot was found fused to the cladding, its temperature necessarily exceeded the melting point of the clad (2700 to 2750' F) at the instant of contact between them. Also, since the ingot was probably surrounded by NaK at the moment of contact with the cladding, it was losing temperature quite rapidly. This means that the ingot must have migrated to its point of fusion with the cladding in a short period of time. However, since the fission erated cladding attack. product ingot is not fused to both edges of the cladding, the two cladding edges must have been separated by a distance greater than the diameter of the ingot (0.085 inch) at the moment of fusion.
Separation of the cladding edges by 0.085 inch is equivalent to an 11% increase in the circumference of the fuel rod.
Magnitude
Pins B3B and B3C operated at .atypically high cladding and fuel surface temperatures. However, the large transverse dimensional changes which occurred in these specimens can not be explained satisfactorily in the light of present day information. Any hypothesis which is formulated to explain these phenomena must take into account the following major features: a.
The lack of fuel-sodium reaction product in the regions of greatest deformation in both pins, b.
The presence of the ingot of fission products attached to the cladding of B3C, c.
The "pushed-in" appearance of the fuel in B3C ( 
B3C
Based on the measured volume of fission gas collected from B3C, the weighted average release fraction of fission gas from the fuel was 63%. (Appendix C) Since B3C operated for an estimated 85 to 90% of its irradiation lifetime as a failed pin at 18 kWIft, it is significant that the fission gas release rate agrees closely with data 4 reported for unfailed mixed oxide specimens irradiated in EBR-II at comparable heat ratings and burnups.1° 7.5 COOLANT SYSTEM CONTAMINATION ' .
A small amount of fuel, estimated at less than 1%, did escape from the 838 fuel pin. However, the coolant system was relatively free of cesium activity. This reflects the fact that coolant circulation in B3B.was stopped soon after fuel pin rupture.
B3C, in contrast to B3B, suffered significant contamination of the coolant system as shown in Tables 6-2 and 6-3. From the neutron radiograph of B3C, the loss of fuel from the pin was estimated to have been 5 to 10%. The Cs-137 release was estimated to have been slightly higher (15%). However, the cesium which plated out on the stainless steel surfaces in B3C constituted l esS than 1% of the cesium released from the pin. This is consistent with the observation by the Russians in the BR-5 reactor that cesium did not plate out in the primary coolant system.' ' Analysis of coolant and leach samples in B3C showed 7.4 FISSION GAS RELEASE low concentration of fission product species that are rela-B3B tively insoluble in NaK. The leach samples contained the The overall release rate of fission gas in 638 was calbulk of the Ru, Ze, Sb, and Ce released from the fuel pin, culated to be --64%. This was computed by using the maxiindicating plate out of those species in essentia1,agreement mum gas pressure (which occurred just before failure), the with the BR-5 reactor data.
The data of B3C Sample CLB in Table 6 -3 were of the coolant system. Thus, cold trapping may be an effecconverted to ~ev/iti.' 'set.* for  tive means of removing ruthenium from sodium system.
Sb-125, and 3 -9 5 and are shown in Table 7 -2. It can be The plutonium and uranium concentrations measured seen that Ru-103 is thedominantsource of activity deposited in the B3C NaK and shown in Table 6 -2 indicate an upper on a surface which was in a relatively cool (200'~) portion limit of solubility at room temperature. March, 1965, (GEAP-4897) . p. 7-2. January, 1968 , March, 1968 p. 40.
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APPENDIX A FUEL PIN DESIGN DETAILS
The two fuel specimens differed from each other only in length, Specification sheets for the loaded fuel rods are shown in Tables A-1 
